Nanotechnology has revolutionized the field of cancer biology and has opened new avenues towards understanding nanomechanical variations in rapidly growing tumors. Over the last 
become a preferred means to study and simulate an in-vivo environment [1] . 3D cell cultures with resembling structural and functional properties to real tissues has helped in understanding growth of tumorous, effects and penetration of toxins within a tissue and developing targeted drugdelivery systems [2] [3] [4] .
With the discovery of ECM in MCS gave us better understand towards developing 3D cell cultures [5] . Matrix act as both mechanical and biochemical shield that protects a cell. ECM also works as an information gateway systems that allows selective passage of signals via cell membrane. Here composition of ECM was found similar to that of tumors in vivo. Fibronectin, laminins, proteoglycans and collagen form major structural components within the matrix [5, 6] .
Structural forming elements like collagen and laminins play a major role in giving stability to MCS.
MCS being a tumor analog have inherent gradient of nutrients, oxygen and metabolites. In rapidly growing cultures, they have central necrotic core which is surrounded by layer of quiescent viable cells and an outer most layer of rapidly proliferating cells. Central necrotic core and region of hypoxia is critical for testing anti-cancer therapeutics. Hypoxia have been identified as one of the cause of drug resistance in tumors [7] [8] [9] . Here penetration of drug through various layers of MCS becomes a limiting factor towards drug efficacy. Therefore, this investigation is aimed towards understanding nanomechanical properties at surface of the spheroid where along with the cells, large volume of ECM is present that encapsulates multicellular structure. By measuring its stiffness one can look for better means to dissolve outer mass of cells and develop methods to deliver therapeutics into the quiescent zone for complete dissolution of the multicell structure [2] .
In this study, spheroidal cell cultures were developed with lewis lung carcinoma (LLC) cell line.
LLC cell lines were derived from carcinoma of lung of a C57BL mice. LLC cells have been used to determine outcome of drug induced toxicity by chemotherapeutic agents, developing methods to suppress metastasis, etc. [10, 11] . There are number of methods like spinner flask, hanging drop, etc. that are being used to developing spheroidal cell cultures [1] . For the current investigation LLC cell spheroids were developed with liquid overlay method [12] .
Objective of this communication is to highlight variations in stiffness of ECM, cells and specifically at ECM-cell membrane interface. It is at the membrane where stiffness of the matrix limits the penetration of the therapeutic agents. ECM is equally distributed within proliferation zone and quiescent zone. Hence the stiffness (i.e high density of ECM components) at the cell surface can be a controlling factor towards drugs penetration. To map differential nanomechanics at the MCS surface, force volume measurements were conducted with help of atomic force microscope (AFM). Various other applications of AFM in the field biomaterials and cell biology include probing of biocompatible nature of metal oxide surface [13] [14] [15] , nanostethoscopy of cardiomyocytes and other living organisms [16] [17] [18] , Cell Nanomechanics [19] [20] [21] , etc.
In order to understand nanomechanical properties of speheroid, depth dependent indentation profiling (DDIP) of cells and surrounding ECM can reveal minute changes in stiffness as a function of depth [22] . Indentation dependent profiling methods have been explored by number of researcher in the field of AFM biology. Measurements conducted by Rico et al and similar groups primarily measure modulus at one data point at time along the length of the force curve [23] [24] [25] . In this investigation, successive segments of Force-vs-distance curve were analyzed that provided 'step-wise-modulus' that helps in detecting variations in stiffness in 3-dimensions.
Error parameters associated with local mechanical properties were also used in analysis. It helped to identify small jitters experienced by AFM probe as it indents into a cell having well defined membrane as compared to ECM which is highly viscous mass of proteins, glycoproteins, etc. In our previous investigation with agarose gels, one could observe that stiffer gels had narrow error distribution when compared with agarose gels having lower stiffness [22] .
DDIP measurements were conducted using pyramidal AFM probe. As probe indents directly into viscous mass of ECM surrounding cells, it forms a conical indent at the point of contact. Due to square pyramidal geometry of the probe, modulus for developing indentation profile was calculated using Sneddon's model. 
Material and Methods

Production of spheroids:
Lewis lung carcinoma (LLC) cells were obtained from ATCC (Manassas, VA). LLC cells were maintained in Dulbecco's modified Eagle media (DMEM, Corning cellgro®, Manassas, VA)
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Spheroids were produced using a liquid-overlay technique on agar surfaces. Briefly, 1% agar was coated in each well of a 96-well plate. Following the solidification of agar, 1000 LLC cells were plated in each well and the plate was centrifuged using a plate centrifuge (ThermoFisher Marathon 3000R) at 250xg for 15 min. The plate was placed in 5% CO 2 , 37 o C atmosphere and the spheroids were allowed to grow for 6 days.
After 6 day of incubation spheroids were fixed on the glass coverslip using agarose gel. 0.1 % of warm agarose gel was allowed to cool down at room temperature and is gently poured over the 
Results & Discussion
Spheroids were initially regarded as simple aggregates of cells with intimate cell-to-cell contacts. It was with discovery of ECM it became clear how closely they resembled tumors invivo (5) . Over the years as the understanding of ECM in spheroids became better, some groups have started to develop permissive hydrogels that mimic ECM in MCS. They have tried to substituting protein based ECM components with poly(ethylene glycol) (PEG) [28] [29] [30] . Such artificial matrices can only act as a physical scaffold to hold cells proliferating in a 3-dimension.
But the exact nanomechanical properties in a native ECM environment is controlled by collagen, laminins and other components. Tissues engineered with artificial ECM can have different mechanism towards delivery of therapeutics and nutrients in 3D cultures. Therefore, information gather via nanomechanical investigation of matrix and cells in a MCS can help in improving hydrogel based replacements for ECM.
To best understand nanomechanics of spheroids, measurements were conducted over 20 micron sized area. 20 spheroids were examined to get most appropriate spot that presents both ECM and cells adjacent to each other. Each data set contains 4096 force-vs-indentation curves.
Measurements were conducted at individual indentation rate of ~ 2 Hz. It is a known fact that the measured mechanical stiffness depends on the loading rate [23, 19] . This investigation required examining large number of samples, which in turn produced large volumes of data for analysis.
Thus, in order to accelerate the experimental procedures and maintain viability of cells under the AFM probe, experiments were performed at a high indentation rate (~ 2 Hz). At lower rates, duration each scan becomes to long, this may kill or damage structural integrity MCS under investigation. Therefore, the stiffness maps presented in this article, should be used to appreciate relative differences in stiffness between cells and ECM within a single data set.
To determine the point of contact with the sample, relatively high contact force of 4 nN was considered. At such high contact force there is sufficient deformation of cell around the AFM probe which has been predicted [31, 32] and observed [33] by various research groups. This study presents data from two LLC spheroids, MCS-1 and MCS-2. Implementation of DDIP on MCS-1 is shown in Figure 1 . Data from each indentation curve is split into small fragments and each fragment is fitted with Sneddon's model to estimate stiffness at certain depth as illustrated in Collagen of types I, II III, V and XI are fibril-forming collagens [34] . It is reported that when hMSCs are grown on type-1 collagen gels, they appear to respond to stiffness of glass slide via 1000 µm of collagen gel [35] . Fibroblast grown with fibrin gels can sense presence of other cells up to 250 µm away and are also known to respond by aligning themselves relative to each other [36] . Therefore, stiffness and stability of MCS can be directly correlated to modulus of these stress fibers. Collagen fibers are known to have modulus greater than 0. Figure 5b at depth of 0.17 µm has average stiffness of the fiber is 10 kPa but it gradually increases at shallower depths. Accurate estimation of modulus of stress fiber in MCS will also depend on the loading rate, plus fibers are spread across a squishy matrix of biomolecules. Fibers will get pulled and pushed around as probe indents into the spheroids.
Hence, stress and strain factors will also come into play for more precise measurement of modulus of collagen fibers in 3D cell cultures [43] .
Type B nanomechanical topographies are indicative of interactions taking place between ECM and cell membranes. When cells are grown as monolayered cultures, apical surface is exposed to aqueous media whereas in-vivo most cells are embedded in ECM. Cells associated with fluid connective tissues like blood and lymph can be found floating or exposed to aqueous environment. Therefore, nanomechanical properties and passage of nutrients via cell membrane depends on its interaction with surrounding matrix. In this investigation it was interesting to observe that where cell membrane was in direct contact with ECM, a very high modulus ≥ 300 kPa was observed. Illustration in Figure 3- This increase in stiffness at MMI can be attributed to formation of basal lamina assembly at the cell surface [44] . As long range stress fiber are Collagen I fiber, ECM architecture near the cell surface is composed interconnected polymers of Collagen IV and VII [45] . They are bound to the laminin sheets which are organized on the cell membrane by integrins and dystroglycan. Binding of collagen IV network to laminin takes place via nidogen molecules [46] . Assembly is further strengthen by binding to Collagen VII dimers [6, 47, 48] . A conclave of structural proteins over the cell membrane strengthens basal lamina. This can considerably increases modulus of the cell membrane above 100 kPa. Therefore, cells embedded in ECM around spheroids have shell like structure around them that provides them lot of mechanical stability. Treatment of collagenase prior to delivery of 100 nm sized nanoparticles has found to increase particle penetration by 4-fold [49] . Both Type A & B topographies are collagen based.
Collagenase treatment when coupled with nanomechanical studies can help in building correct dosage regime. Drugs similar to collagenase cannot be directly released into the system, they too have to be targeted towards disease tissue.
Understanding tumor microenvironment plays a crucial role in developing effective anticancer drugs [4] . Composition of ECM in MCS is considerably different when compared with monolayer cultures [50] . Previous studies have also suggested increased stiffness of ECM in malignant phenotypes/cultures and is associated with increased concentration of type I collagen in the matrix [51] [52] [53] . Plus type IV collagen being most abundant constituent of basement membrane, is associated with tumor fibrosis and accumulates in tumor interstitium [47, 54, 55] .
Therefore, detection of high stiffness at MMI by AFM probe is consistent with studies conducted on ECM and tumorous tissues so far. With DDIP, scanning surfaces of the cultures with artificial ECM would help fine tune nanomechanics in 3D cell cultures.
Conclusion
With recent developments in AFM and force volume imaging, implementation DDIP to understand nanomechanics of 3D cultures and tumorous tissues can become a common procedure in cancer biology. Detection of other nanomechanical topographies deep inside 3D cultures can also be performed by developing specialized AFM probe that have height greater than 3 micron.
Due to the opaque nature of the spheroid it was not possible to conduct simultaneous fluorescence imaging. But with the development of Light-sheet-based fluorescence microscopy [56] , one day it might be possible to combine two techniques that would give us fine control to probe and selective study mechanical properties of cells in proliferation and quiescent zone in MCS.
Funding
VV and BDH acknowledge the University of Connecticut's Institute of Materials Science and NSF NanoBio-Mechanics grant 0626231.
Author Contributions
All authors have given approval to the final version of the manuscript.
Notes
Authors declare no competing financial interests. 
